Recently, the rapid expansion of food animal growing industries has included aquaculture, which is concomitant with the global decline of fisheries production because of over-fishing resulting in a shortage and subsequent parameters, fatty acid composition and flesh quality of sub-adult olive flounder Paralichthys olivaceus. Eight experimental diets were formulated to contain 5% squid liver oil (SLO), 5% linseed oil (LO), 5% soybean oil (SO), a mixture of 1% squid liver oil, 2% linseed oil and 2% soybean oil (MIX), no lipid supplementation with high protein level (LL-HP), 10% squid liver oil (HL-SLO), a mixture of 1% squid liver oil, 4.5% linseed oil and 4.5% soybean oil (HL-VO), and 1% squid liver oil with high starch level (LL-HC), respectively. Two replicate groups of fish (average initial weight of 296 g) were fed the diets for 17 wks. After 5 wks, 11 wks and the end of the feeding trial, five fish from each tank were randomly sampled for analysis of body composition. At the end of the feeding trial, final mean weight of fish fed the LL-HP diet was significantly (p<0.05) higher than that of fish fed the HL-VO diet, but did not differ significantly from those of fish fed the SLO, LO, SO, MIX, HL-SLO and LL-HC diets. Fish fed the LL-HP diet showed significantly higher feed efficiency than fish fed the LO, HL-SLO and HL-VO diets. Feed efficiency of fish fed the LO, SO and MIX diets were similar to those of fish fed the SLO and HL-SLO diets. Fish fed the HL-SLO diet showed significantly higher total cholesterol content in plasma compared with other diets. Fatty acid composition of tissues was reflected by dietary fatty acid composition. The highest linoleic (LA) and linolenic acid (LNA) contents in the dorsal muscle were observed in fish fed the SO and LO diets, respectively, regardless of feeding period. The highest eicosapentaenoic acid (EPA) content in the dorsal muscle was observed in fish fed the LL-HP and LL-HC diets after 11 and 17 weeks of feeding, respectively. Fish fed the SLO and HL-SLO diets showed higher docosahexaenoic acid (DHA) content than that of other treatments after 11 and 17 weeks of feeding, respectively. Dietary inclusion of vegetable oils reduced n-3 HUFA contents in the dorsal muscle and liver of fish. The n-3 HUFA contents in tissues of fish fed the SLO and HL-SLO diets were higher than those of fish fed other diets, except for the LL-HP and LL-HC diets. Hardness, gel strength, chewiness and cohesiveness values of dorsal muscle in fish were significantly affected by dietary lipid source. The results of this study indicate that fish oil in fish meal based diets for sub-adult olive flounder could be replaced by soybean oil and linseed oil without negative effects on growth and feed utilization.
INTRODUCTION
Lipids play important physiological roles in providing energy, essential fatty acids and fat soluble nutrients for normal growth and development of fish. Deficiency of dietary lipid may increase the use of protein for energy and result in the increase of ammonia excretion and thus water pollution (Kaushik and Cowey, 1991) . On the contrary, excessive dietary lipid was reported to reduce feed intake and growth performance of several fish species (Peres and Oliva-Teles, 1999; Regost et al., 2003; Kim et al., 2006) . Kim et al. (2006) reported that daily feed intake of olive flounder significantly decreased with the increase of dietary lipid. High inclusion of fish oil can also result in increased feed costs and reduced profits in the aquaculture industry.
Fish oil, because of its high content of essential fatty acids, is used as a main lipid source in marine fish feeds.
increased price of fish oil (Sargent and Tacon, 1999) . To sustain aquaculture development, many studies have been conducted to indentify alternative lipid sources (Caballero et al., 2002; Glencross et al., 2003; Izquierdo et al., 2005; Mourente and Bell, 2006; Lin and Shiau, 2007; Piedecausa et al., 2007) . Vegetable oils such as soybean, linseed and rapeseed oils have shown promise as alternatives for fish oil. Piedecausa et al. (2007) reported that dietary fish oil could be partially replaced by vegetable oils without any adverse effects on feed intake and growth of sharp snout seabream. In another example of total replacement of dietary fish oil, canola oil did not affect growth performance of juvenile red sea bream (Glencross et al., 2003) .
Dietary inclusion of vegetable oils were reported to reduce n-3 fatty acid composition, particularly eicosapentaenoic acid (EPA, and doxosahexaenoic acid (DHA, 22:6n-3) (Hillestad and Johnsen, 1994; Montero et al., 2005; Fountoulaki et al., 2009) which are important for human nutrition and flesh quality of farmed fish Fountoulaki et al., 2009 ). Montero et al. (2005) found that flesh contents of n-3 highly unsaturated fatty acids (HUFA) was reduced to 45% and 50% through dietary fish oil replacement by 60% rapeseed, linseed or soybean oil, and by 80% linseed oil, respectively. Changes in organoleptic parameters and flavour of flesh were also observed in fish fed diets containing high inclusion level of soybean and linseed oil .
The olive flounder is the most important marine cultured fish species in Korea due to its fast growth and high demand as sashimi. Recently, due to the shortage and increased fish oil prices, fish feed manufacturers are looking for alternative lipid sources originating from plants such as soybean and linseed oils to reduce production costs. However, growth and feed utilization responses of flounder when fed these lipid sources have not been examined. This study investigate the effects of dietary soybean, linseed oil and a blend of these lipid sources with fish oil on growth performance, blood parameters, fatty acid composition and flesh quality of olive flounder.
MATERIALS AND METHODS

Experimental diets
Ingredients and proximate composition of the experimental diets are presented in Table 1 . In order to investigate the utilization of the different source and level of plant oil as fish oil replacer, eight diets were formulated to contain 5% squid liver oil (SLO), 5% linseed oil (LO), 5% soybean oil (SO), a mixture of 1% squid liver oil, 2% linseed oil and 2% soybean oil (MIX), no lipid supplement with high protein content (LL-HP), 10% squid liver oil (HL-SLO), a mixture of 1% squid liver oil, 4.5% linseed oil and 4.5% of soybean oil (HL-VO), and 1% squid liver oil with 11% alpha-starch (LL-HC), respectively. Fish meal and wheat flour were used as the main protein and carbohydrate sources, respectively. The ingredients of the experimental diets were mechanically mixed with distilled water at the ratio of 100 g of ingredient mixture to 35 to 40 g of water, and pressure-pelleted using a laboratory pellet machine. All diets were dried at room temperature for 48 h, and stored at -30C until used. Fatty acid composition of dietary lipid sources and the experimental diets are presented in Table 2 and 3, respectively.
Experimental fish and feeding trial
Olive flounder (Paralichthys olivaceus) were obtained from a local fish farm (Uljin, Korea) and acclimated to experimental tanks for 4 wks before the feeding trial. Fish (2962.8 g) were randomly distributed in sixteen 1,200 L tanks at a density of 25 per tank in a flow through system. Two replicate groups of fish were hand-fed one of the experimental diets to apparent satiation once a day (09:00 h) for 17 wks. Seawater was supplied to each tank at a flow rate of 20 L/min. Mean water temperature was at 21.55.5C, and the photoperiod followed the natural condition (12 h:12 h/dark:night) during the feeding trial.
Sampling procedures and chemical analysis
At the beginning, after 5 wks, 11 wks and the end of the feeding trial, all fish in a tank were starved for 24 h, and five fish from each tank were randomly sampled after being anesthetized with MS222 solution at a concentration of 100 ppm for analysis of body composition. At the end of the feeding trial, five fish from each tank were used for proximate composition, fatty acids composition and blood chemistry. Total length, body weight, liver weight and intestine weight of five fish from each tank were measured. Blood was taken from the caudal vein of each specimen using heparinized syringes. Plasma was collected after centrifugation at 3,500 rpm for 10 min and stored at -70C for biochemical analysis. Total plasma protein, glucose, glutamate oxaloacetate transaminase (GOT) and cholesterol concentrations were determined using an automatic analyzer (Toshiba-200FR, Tokyo, Japan). Proximate composition of the diets was determined according to standard methods (AOAC, 1995) . Crude protein was determined by Kjeldahl method using the Kjeldahl System (Buchi, Flawil, Switzerland). Crude lipid was with ether extracted in a soxhlet extractor (SER 148, VELP Scientifica, Milano, Italy), and moisture was determined using a dry oven at 105C for 6 h. Ash content was determined after combustion at 600C for 4 h in a muffle furnace. Gross energy content was measured using an adiabatic bomb calorimeter (Parr 1356, Moline, IL, USA). Lipid for fatty acid analysis was extracted by a mixture of chloroform and methanol (2:1, v/v) according to the method of Folch et al. (1957) . The fatty acid composition was determined after methylation with 14% BF 3 methanol (Sigma, St Louis, MO, USA) by gas chromatography (HP-6890 PLUS GC, Hewlett-Packard, Palo Alto, CA, USA) with a flame ionization detector, equipped with SP TM -2560 capillary column (100 m0.25 mm i.d., film thickness 0.20 m; Supelco, Bellefonte, PA, USA). Injector and detector temperatures were 260C. The column temperature was programmed from 140C to 240C at a rate of 4C/min. Helium was used as the carrier gas. Fatty acids were identified by comparison with retention times of the known standard fatty acid methyl esters.
Physical properties of flesh
Three fish per tank were sampled and kept at 4C in a refrigerator for physical properties analysis. Flesh in the upper dorsal muscle was filleted and trimmed in square pieces at a dimension of 22 cm 2 . Texture parameters including hardness, gel strength, texture, cohesiveness, chewiness and breaking strength were measured using a 11.1 0.6 C20:2n-6 1.7 C20:3n-3 0.3 C20:4n-6 0.6 C20:5n-3 11.3 C22:1n-9 7.4 C22:3n-3 0.6 C22:5n-3 1.2 C22:6n-3 25.1
Texture Analyzer (COMPAC-100, Tokyo, Japan).
Statistical analysis
Data were subjected to one-way analysis of variance (ANOVA) to test the effects of dietary lipid source and level on growth performance, feed utilization and fatty acid composition of fish. When significant differences (p<0.05) were found in one-way ANOVA, Duncan's multiple range test (Duncan, 1955) was used to rank the groups. All references to significant differences indicate p<0.05. All statistical analyses were performed using SPSS program Version 14.0 for Windows (SPSS Michigan Avenue, Chicago, IL, USA). Data are presented are as meanSE of two replications.
RESULTS AND DISCUSSION
Growth performance and morphological parameters of olive flounder fed with experimental diets are presented in Table 4 . Survival was not significantly different among 3 Feed efficiency (%) = Fish wet weight gain (g)100/feed intake (g, dry matter). 4 Protein efficiency ratio = Fish wet weight gain (g)/protein intake (g). 5 Daily feed intake (%) = Feed intake (g, dry matter)100/((initial fish weight (g)+final fish weight (g)+dead fish weight (g))/2days fed). 6 Daily protein intake (%) = Protein intake (g)100/((initial fish weight (g)+final fish weight (g)+dead fish weight (g))/2days fed). 7 Condition factor = Fish weight (g)100/fish length (cm) 3 .
8 Hepatosomatic index = Liver weight100/body weight. 9 Visceralsomatic index = Viscera weight100/body weight. dietary treatments. Final mean weight of fish fed the LL-HP diet was significantly higher than that of fish fed the HL-VO diet (p<0.05), but was not significantly different from that of fish fed the other diets. Fish fed the LL-HP and LL-HC diets showed significantly higher feed efficiency than fish fed the LO, HL-SLO and HL-VO diets (p<0.05). Protein efficiency ratio of fish fed the LL-HC diet was significantly higher than that of fish fed the LO and HL-VO diets (p<0.05), but was not significantly different from that of fish fed the other diets. Daily feed intake and daily protein intake were not affected by dietary treatments.
The results of this study suggest that total replacement of SLO by LO, SO, and a blend of SLO, LO and SO in fish meal-based diets did not affect growth and feed intake of olive flounder. Due to the shortage and gradual price increase of fish oil, recent studies Mourente and Bell, 2006; Francis et al., 2007; Piedecausa et al., 2007; Peng et al., 2008) have attempted to investigate the use of vegetable oils as alternatives to fish oil in fish feeds. Recent research results have shown that the use of vegetable oils causes species-specific responses. For sharp snout seabream (Piedecausa et al., 2007) and turbot (Regost et al., 2003) , no adverse effects on growth performance and feed utilization were observed when fed diets in which total fish oil was replaced by LO and SO, respectively. However, other studies reported that high dietary inclusion of vegetable oils impaired growth and feed utilization in Atlantic salmon (Bell et al., 2004; Torstensen et al., 2005) , black seabream (Peng et al., 2008) and European seabass , gilthead seabream .
Dietary ingredients, particularly fish meal, could affect the outcome of replacement of fish oil by high inclusion levels of vegetable oils. Kim et al. (2002) reported that substitution of SLO by SO and a blend of LO and SO in the diets containing defatted fish meal significantly affected growth rate, blood biochemical parameters and hepatic microstructure of juvenile olive flounder. The proper dietary inclusion level of fish meal could enhance palatability and acceptability and consequently increase growth performance and feed efficiency of olive flounder (Deng et al., 2006) . The increase of dietary fish meal content has also been reported to improve biological values in fish (PimentalRodribues and Oliva-Teles, 2007). Kim et al. (2006) reported the best weight gain and feed efficiency in flounder when fed a diet containing high fish meal level (57%). Lee et al. (2000) and Deng et al. (2006) observed that juvenile olive flounder grew faster when fed a diet containing low lipid and high fish meal contents. A similar result of good growth in fish fed LL-HP diet containing high fish meal level was also observed in this study.
Lower growth rate and feed efficiency observed in olive flounder fed the HL-VO diet compared to that of fish fed other diets are likely due to an excessive dietary content of vegetable oils. Studies (Seo et al., 2005; Abimorad and Carneiro, 2007) have reported that a high inclusion level of vegetable oils could negatively affect dietary nutrient digestibilities and result in lower feed efficiency and weight gain of fish. Seo et al. (2005) found that dry matter, carbohydrate and energy digestibilities of olive flounder fed a diet containing a high lipid level were lower than those fed high protein diets. Lee et al. (2000) reported that increasing dietary lipid levels decreased growth of juvenile olive flounder. Another reason for the low growth in HL-VO diet is probably due to an imbalance of fatty acid composition, especially a high level of LA. A similar result was reported for turbot (Regost et al., 2003) . Although fish oil and phospholipids in fish meal were sufficient to meet essential fatty acids requirements in the SO and LO diet for turbot, turbot fed high vegetable oil diets had lower growth. This result may be due to the inability of some marine fish species to synthesize EPA and DHA from C18 series such as linolenic acid in vegetable oil. Therefore, marine fish do depend on the n-3 series content in their basal diet. Consequently, we must carefully consider the effect on fish growth when replacing a proportion dietary fish oil with vegetable oil (Regost et al., 2003) .
Hepatosomatic index of fish fed the SLO, LO, HL-SLO and HL-VO diets was significantly higher than that of fish fed the MIX, LL-HP and LL-HC diets (p<0.05). This phenomenon may be due to change of lipid composition in diets. Dietary lipid sources and levels did not affect the condition factor and visceralsomatic index.
Plasma contents of total protein, glucose and glutamicoxlaoacetic acid transaminase (GOT) were not significantly affected by dietary lipid source and level (Table 5 ). Fish fed the SLO and HL-SLO diets showed a higher total cholesterol content in comparison with that of fish fed other diets. Total cholesterol of fish fed the HL-SLO diet was higher than that of fish fed the SLO diet. Decreasing the total cholesterol of fish fed a diet containing vegetable oils has not been well established. In this study, a lower cholesterol content in fish fed diets containing high vegetable oils was likely related to cholesterol lowering factors such as phytosterol and oleic acid, linoleic acid (LA) and linolenic acid (LNA) present in linseed and soybean oils. Richard et al. (2006) and Peng et al. (2008) reported that European seabass and black seabeam fed diets containing vegetable oils showed a lower cholesterol content compared to fish fed a fish oil diet. Whereas, other studies (Dannevig and Norum, 1982; Este´vez et al., 1996; Gilman et al., 2003) have shown that the presence of phytosterol in vegetable oils can affect absorption and metabolism of cholesterol in fish.
In the results of this study, crude lipid content in dorsal muscle of fish was not significantly affected by dietary lipid source and level. Similar results were reported for turbot and sharp snout seabream (Regost et al., 2003; Piedecausa et al., 2007) , whereas in other studies dietary lipid source and level did influence the body composition of fish (Peng et al., 2008) .
Fatty acid composition in the dorsal muscle of olive flounder is presented in Table 6 . The highest LA and LNA content in the dorsal muscle were observed in fish fed the SO and LO diets after 5, 11 and 17 wks, respectively. The LA content of fish fed diets containing soybean oil (SO, MIX and HL-VO) after 11 and 17 wks was significantly higher than that of fish after 5 wks (Figure 1) . The LNA content of the dorsal muscle in fish fed diets containing linseed oil (LO, MIX and HL-VO) after 11 and 17 wks was significantly higher than that of fish after 5 wks (Figure 2) . Similar results were observed in fatty acid composition of LA and LNA in the liver. Arachidonic acid (ARA) content in the dorsal muscle was not significantly different among dietary treatments after 5, 11 and 17 wks of feeding. The EPA content in the dorsal muscle was not affected by dietary treatments after 5 wks of feeding, whereas the highest EPA content in the dorsal muscle was observed in fish fed the LL-HP and LL-HC diets after 11 and 17 wks, respectively (Figure 3) . DHA content in the dorsal muscle tended to decrease after 11 and 17 wks of feeding compared to after 5 wks of feeding except for MIX and HL-SLO diets. (Figure 4) .
Fatty acid composition in the liver of olive flounder is presented in Table 7 . The highest LA and LNA contents in the liver were observed in fish fed the SO and LO diets after 5, 11 and 17 wks, respectively. EPA content in the liver was affected by dietary lipid source and level for 5 and 11 wks of feeding, but was not different among dietary groups after 17 wks of feeding. DHA content in the liver of flounder fed the SLO and HL-SLO diets was higher than that of fish fed the other diets after 5, 11 and 17 wks of feeding. Dietary inclusion of vegetable oils reduced n-3 HUFA contents in the liver.
The results of this study indicated that the fatty acid composition in the dorsal muscle and liver significantly reflected the fatty acid composition of the experimental diets. The content of n-3 HUFA significantly decreased in fish fed the diets containing vegetable oils. This was similar to the results reported for other marine fish species such as Atlantic salmon, gilthead seabream, European seabass, sharp snout seabream and black seabream (Bell et al., 2004; Izquierdo et al., 2005; Mourente and Bell, 2006; Piedecausa et al., 2007; Peng et al., 2008) . In this study, DHA content was significantly higher than EPA in fish tissues tested. This suggests that DHA may be more preferentially accumulated in tissues compared with EPA. Similar results were also reported in another flounder study (Kim and Lee, 2004 ) and other marine fish species (Menoyo et al., 2004) . Herzberg et al. (1996) reported that EPA was oxidized faster than DHA by muscle and liver homogenates. Consequently, the faster peroxidation rate of EPA may also contribute to the reduction of its content (Bell et al., 2001) .
Physical properties of the dorsal muscle in fish fed our experimental diets for 17 wks are presented in Table 8 . Hardness, gel strength and chewiness values of fish fed the LO diet were significantly higher than those of fish fed the SLO diet. Fish fed the SLO diet showed significantly higher cohesiveness than fish fed the SO diet. Muscle texture was not affected by dietary lipid sources. Our findings are in accordance with results in a previous study conducted by Regost et al. (2003) , who found that organoleptic quality of turbot flesh, particularly odour, colour and texture were significantly affected by dietary lipid sources. However, Montero et al. (2005) reported that replacement of fish oil by linseed, soybean and rapeseed oils did not affect texture and organoleptic properties of European sea bass. The differences are probably due to different levels of inclusion of vegetable oils in the diets, time of interval between slaughter and analyses conducted (Regost et al., 2003) , or fish species and cultural seasons .
The results of this study indicate that fish oil in fish meal based diets for sub-adult olive flounder could be replaced by soybean and linseed oils without negative effects on growth and feed utilization. 
